Seventy-one strains of Citrobacter were screened for iron scavenging mechanisms by biologic and chemical assays. Essentially all citrobacteria (70/71) were found to elaborate enterobactin-like siderophores by both biologic and chemical assays, however only C. koseri (C. dicersus) was found to produce aerobactin. The concentration of ethylenediamine di(o-hydroxyphenylacetic acid) (EDDA) required to inhibit the growth of individual Citrobacter strains by depleting free iron ranged from 250 pg/ml to 1000 pg/ml.
Introduction
Members of the genus Citrobacter are responsible for causing serious human infections such as diseases of the central nervous system (CNS), septicemia, septic arthritis, and pyomyositis [l-4] . The genus, until recently represented by only three species (C. freundii, C. koseri, and C. amalonaticus), has been redefined by Brenner and colleagues [5, 6] to include 11 genomospecies and 9 nomemspecies based upon DNA-DNA hybridization data. Of these 11 genomospecies, 10 are thought to be human pathogens, the exception being C. rodentium, the causative agent of colonic hyperplasia in mice [6] . Among the species causing illnesses in humans, C. koseri ('C. diuersus') is the premier pathogen being responsible for outbreaks of neonatal meningitis, associated CNS sequelae, and septicemia in both children and adults [1, 2, 7] . Very little information is presently available concerning the pathogenicity of Citrobacter species. C. koseri is known to express a 32 kDa outer membrane protein (OMP) that is preferentially expressed in strains causing CNS disease [7] . The exact role this protein plays in pathogenesis has not been established. One hallmark of invasive organisms is the production of hydroxamate-type (aerobactin) siderophores which are involved in the in vivo acqui-sition of iron [8] . Many different enteric bacteria that cause invasive disease produce aerobactin-like siderophores.
These bacteria include Escherichiu coli, Klebsiellu, and Enterobucter [8] . In 1987. Martinez et al. [9] surveyed over 270 hospital isolates representing 16 different genera for aerobactin production. They identified a small percentage (I I .4%) of Citrobacter strains that were aerobactin-positive by bioassay. Unfortunately these strains were not identified to species and these initial observations have not been followed up. Since iron regulation and iron-sequestering mechanisms are recognized virulence factors related to microbial pathogenicity [S, IO] . we have investigated these attributes in a large collection of Citrobucter strains.
Materials and methods

Bucteriul strains
Seventy-one strains of Citrobucter were studied in the present investigation.
They were maintained on motility deeps as working cultures throughout this investigation.
Each strain was identified to species based upon recently published biochemical criteria [I I]. Enterobactin-requiring E. coli AN90 was kindly provided by Rowe Byers (University of Mississippi) while aerobactin-requiring E. coli LG 1522 was obtained from Peter H. Williams (University of Leicester).
Siderophore ucticit?
Each Citrobucter strain was screened for general siderophore activity on Chrome Azurol S agar (CAS) by the method of Schwyn and Neilands [12] . Overnight tryptone broth cultures (35°C) of each strain were spotted onto CAS plates and incubated at 35°C. Production of an orange halo surrounding colonial growth indicated the presence of siderophore activity.
Bioussuys
Select Citrobucter strains were tested for enterobactin and aerobactin activity by bioassay. Briefly, M9 agar [13] containing 0.2% (w/v) glucose, 0.5% (w/v) casamino acids. and 2 pg/ml of thiamine-HCI was prepared and a stock solution of desferrated EDDA (ethylenediamine di( o-hydroxyphenylacetic acid); Sigma Chemical Co.. St. Louis, MO) was added to a final concentration of 250 pg/ml. This precooled medium was then supplemented with either a suspension of E. coli AN90 (enterobactin-requiring) or E. cnli LG 1522 (aerobactin-requiring) strains at a final concentration of 10' cfu/ml and plates were then poured. Plates were subsequently spotted with blood agar grown strains of Citrobacter via an applicator stick and incubated at 35°C. Satellite colonies of the indicator strain growing in the agar around the test citrobacter isolate indicated production of enterobactin or aerobactin. Uninoculated plates (no Citrobucter strains) served as negative controls.
Chemical u,ssays
Chemical detection of enterobactin production was determined by the method of Evans [14] . Citrobacter strains were grown in Chelex loo-treated (Bio-Rad, Richmond, Ca) Tris-glucose medium [15] for 96 h. A 1 ml portion of the supematant (cell-free) was then tested for the presence of 2,3-dihydroxy benzoyl serine. Aerobactin production was determined by the method of Csaky [ 171. Citrobucter strains were grown in Tris-succinate medium where succinic acid (Sigma) replaces glucose in Tris-glucose medium [ 151. 0.5 ml suspensions of 72-96 h old cultures of each strain were tested for the presence of free hydroxylamine as evidenced by the appearance of a pink color.
Growth kinetics in iron depleted media
To determine the relative effect iron depletion had on select Citrobucter strains, growth studies were performed in Chelex 100 treated L broth supplemented with varying concentrations of EDDA. Overnight agar grown bacteria were standardized to a concentration roughly approximating 3 X 10' cfu/ml and a 2 drop suspension was added to flasks containing L broth. Such cultures were orbitally shaken (150 rpm) at 35°C with periodic samples removed and assayed for relative turbidity (OD,,,). Table 1 Citrobacter strains were examined for the ability to utilize one of several iron containing compounds in L agar containing 1000 pg/ml of EDDA. Strains were seeded into L agar at an approximate concentration of lo4 cfu/ml before plates were poured. After solidification, 3 mm holes were punched into the agar and solutions (ca. 15 ~1) of each iron containing compound were added to separate wells. Plates were incubated overnight (18 h, 35°C) after which the zones of colonial growth surrounding each well were measured.
Iron utilization studies
Siderophores produced by Citrobacter species
Citrobucter species Strain C. amalonaticus C. braakii
Protein electrophoresis
C. freundii
Selected C. koseri strains were grown overnight in iron depleted L broth (Chelex 100 treated) containing 500 ,ug/ml EDDA in an orbital shaker (35°C 150 rpm>. After 24 h incubation, iron stressed bacteria were recovered and whole cell protein extracts were prepared by boiling. SDS-PAGE (12.5%) of whole cell protein profiles was performed as previously described [ 161. Of the 71 strains of Citrobacter screened on CAS plates representing nine different genomospecies, 70 were found to produce siderophores. All strains of C. braakii, C. farmeri, C. freundii, C. koseri, C. sedlakii, C. werkmanii, C. youngae, C. amalonaticus (one exception) and genomospecies 11 tested were found to be positive. We then selected 25 strains to further characterize for the type of siderophores produced (Table 1 ). All Citrobacter species tested produced an enterobactin-type siderophore. However, only C. koseri strains additionally produced a hydroxamate-like siderophore as detected by both biologic and chemical assays. Three strains of C. amalonaticus were positive for hydroxamate-type siderophores in bioassays although the Csaky assay was repeatedly negative for each isolate.
A number of Citrobacter strains were then screened for their ability to compete for iron in broth. As shown in Fig. 1, C . freundii ATCC 8090 grew in L broth supplemented with 250-500 pg/ml 
of EDDA. Only when EDDA concentrations exceeded 750 pg/ml was a significant lag in growth noted. Concentrations approaching 1000 pg/ml were required to completely inhibit growth for L 30 h. Similar situations occurred with other citrobacteria with EDDA concentrations of > 500 pg/ml required to totally inhibit growth.
Based upon the results of growth experiments (Fig. I ), iron utilization studies were then performed in L agar containing 1000 pg/ml of EDDA on 19 Citrobacter strains. For 17 of 19 isolates tested the inhibitory effects of EDDA could be reversed by the iron containing compounds hematin and hemin (Table 2). Hemin was clearly a better iron source than hematin as 12 of the 17 strains produced larger zones of satelliting growth surrounding hemin wells. Three strains of C. amalonaticus tested failed to grow on either hemin or hematin apparently unable to reverse the deleterious effects of the high EDDA concentration. Neither hemoglobin. ferric chloride, nor ferric Table 2 Citrohacter iron utilization studies in iron depleted media ammonium citrate (FAC) was able to serve as an iron source under identical conditions; protoporphyrin IX (iron free) served as a negative control.
The effect of iron restriction on the growth and protein composition of two strains (997 1, 5350) of C. koseri were studied (Fig. 2) . Iron stressed strains showed significant changes in their whole cell protein pattern when compared to conditions where iron availability was not restricted. A series of high molecular mass proteins with masses ranging from 72 kDa to 83 kDa were induced in both strains which were not present under normal conditions. Similarly, a 22 kDa protein was absent in both strains under iron depleted conditions. This change in protein profile could be reversed by the addition of ferric chloride to 24 h cultures and allowing bacteria to grow for an additional 24 h period.
The results of this investigation support the previous observations by Martinez et al. [9] concerning the production of aerobactin by the genus Citrrhc- ter. While the study by Martinez and colleagues 191 used only a bioassay to detect such activity, we have confirmed aerobactin production by citrobacteria by both bioassay (E. coli LG 1522) and chemical (Cs'aky) methods. We have further found that aerobactin production appears to be an exclusive property restricted to the genomospecies C. koseri ('C. dicersus'). C. koseri has been previously recognized to cause serious invasive disease in both pediatric and adult populations [ 1, 2, 7] . Major nosocomial outbreaks of neonatal meningitis due to C. koseri have been reported on many occasions [ 18, 191 . The production of aerobactin by this species supports previous findings with other members of the Enterobacteriaceae regarding the association of this siderophore with invasive microorganisms [B] . Thus, in addition to elaboration of a 32 kDa OMP, production of aerobactin is a second virulence marker which separates this species from other redefined taxa in the genus Citrobacter. The induction in two C. koseri strains of high molecular mass proteins (72-83 kDa1 under iron limited conditions suggests that these proteins may serve a role in iron acquisition in stressed cells.
Other citrobacterial species, however, only produce enterobactin, a more common siderophore elaborated by many enteric bacteria which is not associated with invasive disease [S] . Enterobactin has an extremely high affinity constant (K, = 1O52) for Fe3+ 1201 which enables bacteria to obtain the required micronutrient from in vivo fluids for growth under iron restricted conditions. The extent to which various strains of Citrobacter were able to obtain iron from biologic and inorganic compounds varied significantly from strain to strain (Table 2 ). Under severe iron restricted conditions (1000 pg/ml of EDDA) only heme and hematin served as usable iron sources for most species (excluding C. amalonaticus). These in vivo reserves are not usually accessible to bacteria unless they are released from cell reserves, such as erythrocytes, by the action of bacterial toxins (hemolysins).
Such activity has not been reported in the genus Citrobacter to date. Iron availability may also be enhanced in individuals suffering from hyperferremic conditions [21] including neonatality, liver disease, thalassemia, hemochromatosis, hematologic malignancies, parenteral iron, and certain microbial infections (malaria, bartonellosis). Whether these conditions play significant roles in the susceptibility of persons to serious infection with Citrobacter remains to be determined.
